The saposins are small, membrane-active proteins that exist in both soluble and lipid-bound states. Saposin A has roles in sphingolipid catabolism and transport and is required for the breakdown of galactosylceramide by β-galactosylceramidase. In the absence of lipid, saposin A adopts a closed monomeric apo conformation typical of this family. To study a lipid-bound state of this protein, we determined the crystal structure of saposin A in the presence of detergent to 1.9 Å resolution. The structure reveals two chains of saposin A in an open conformation encapsulating 40 internally bound detergent molecules organized in a highly ordered bilayerlike hydrophobic core. The complex provides a high-resolution view of a discoidal lipoprotein particle in which all of the internalized acyl chains are resolved. Saposin A lipoprotein discs exhibit limited selectivity with respect to the incorporated lipid, and can solubilize phospholipids, sphingolipids, and cholesterol into discrete, monodisperse particles with mass of approximately 27 kDa. These discs may be the smallest possible lipoprotein structures that are stabilized by lipid self-assembly.
S
phingolipid activator proteins (SAPs) are nonenzymatic proteins that are required for the lysosomal breakdown of certain sphingolipids by hydrolase enzymes (1) . In general, the SAPs are thought to act by modifying the physical states of the target lipids so that the substrates become accessible to the active sites of the enzymes. The details of how this effect is achieved are not clear, but it is likely that different SAPs use different mechanisms in activating one or more specific lipid/enzyme reactions (2) (3) (4) . Human lysosomes contain five SAPs: the GM2 activator and the saposins A, B, C, and D. The four homologous saposins are small cysteine-rich α-helical glycoproteins that are derived from the prosaposin precursor protein (5, 6) . Saposin A activates the hydrolysis of galactosylceramide by β-galactosylceramidase to produce ceramide and galactose (7, 8) . Loss of functional saposin A results in a variant form of Krabbe disease, which is characterized by demyelination, loss of oligodendrocytes, and infiltration of globoid cells (9) (10) (11) (12) . Saposin A is also important for the loading of lipid antigens onto CD1d molecules (13, 14) .
We previously reported the crystal structure of the soluble form of saposin A in the absence of bound lipids (15) . In this structure, the small 81 residue protein adopts the compact, monomeric four α-helix closed form of the fold seen in other saposins and saposin-like proteins (15) (16) (17) (18) . Helices 1 and 4 are disulfide linked in a stem structure, whereas helices 2 and 3 are disulfide linked to each other and form a helical hairpin. In the closed form, the stem and hairpin segments collapse onto themselves, burying the hydrophobic surfaces of the four amphipathic helices via bends at the short turns at the α1∕α2 and α3∕α4 junctions. Notably, the closed form of the saposin fold buries the majority of the hydrophobic surfaces into a small hydrophobic core and does not form a cavity that can accommodate lipids. In addition, the external surface of the closed conformation of saposin A is polar and does not have any extended nonpolar regions that would suggest a membrane-active protein. Overall, the lipid-free structure of saposin A provides only limited insight into the lipid interaction properties of saposin A and does not explain how it functions to activate the sphingolipid hydrolysis reaction. However, structural flexibility is a crucial feature for the membrane surface binding and lipid-solubilizing abilities of the saposin proteins (3, 18, 19) .
Here, we characterize the interactions of saposin A with various amphiphiles. Saposin A undergoes a conformational change in the presence of lipids and detergents and forms small lipoprotein particles with a wide range of lipids. The 1.9 Å crystal structure of saposin A in complex with zwitterionic detergent lauryldimethylamine-N-oxide (LDAO) reveals two saposin chains in an open state forming an amphipathic protein belt surrounding 40 ordered detergent molecules. The structure of the saposin A lipoprotein discs is further supported by coarse-grained molecular dynamics simulations. Overall, we find that saposin A/lipid assemblies form unusual lipoprotein complexes that share some similarities with discoidal high density lipoprotein particles, but are significantly smaller.
Results and Discussion
Characterization of Saposin A with Amphiphiles. To describe the lipid-induced conformational changes in the structure of human saposin A, we used intrinsic tryptophan fluorescence spectroscopy and monitored amphiphile-induced spectral shifts. All solution experiments were conducted at pH 4.8, reflective of the pH within lysosomes. Saposin A contains a single tryptophan, W37, which is solvent exposed in the closed monomeric form. Incubation of saposin A with liposomes resulted in an increase in the intensity of the tryptophan emission spectrum and a 6-8 nm blue shift, indicative of a reduction in the solvent accessibility of the residue and a shift to a less polar environment (Fig. 1A) . This effect was seen with liposomes made from a wide variety of lipids and lipid mixtures. We also found that several nondenaturing detergents, including LDAO, induced similar spectral shifts. The characteristic changes occurred at concentrations above the critical micelle concentration of the detergent.
Saposin A interacts with liposomes and immobilized lipids (20) but does not remain bound to liposomes (21) , suggesting that the protein can form soluble lipid complexes. We incubated liposomes of varying composition with saposin A and analyzed the solutions by size exclusion chromatography (SEC). We consistently observed a single sharp peak in the 35-45 kDa range of the column, corresponding to hydrodynamic radii ranging from 3.07-3.45 nm (Fig. 1B, Fig. S1 , Table S1 ). Collectively, we refer to these species as 3.2-nm particles. An additional absorbance peak at the void volume of the column was occasionally detected but did not contain significant amounts of protein and was due to light scattering from large lipid vesicles (Fig. S1 ). The exact size of the 3.2-nm particles was only moderately affected by the lipid to protein molar ratio and the composition of the liposomes (Fig. S1 , Table S1 ). In all cases, a single peak was observed in this size range, indicating a relatively narrow distribution of species. We observed similar 3.2-nm particles regardless of whether or not anionic phospholipids, cholesterol, or glycosphingolipids were present in the liposomal mixtures (Table S1 ). Solutions from the peak fractions were stable upon isolation, and had low polydispersity and a hydrodynamic radius ranging from 2.89-3.82 nm by dynamic light scattering (DLS) (Fig. 1C , Table S1 ). We used fluorescent lipids with SEC and thin layer chromatography to confirm that phosphotidylcholine (PC), phosphatidylinositol (PI), bis(monoacylglycero)phosphate (BMP), cholesterol, galactosylceramide (GalCer), and sphingomyelin (SM) could be incorporated into the 3.2-nm saposin A lipoproteins (Fig. 1D) . Using liposomes made from pure egg PC, we purified 3.2-nm particles by SEC and determined the protein and lipid concentrations by quantitative amino acid analysis and a phosphorus content assay, respectively. The 3.2-nm particles contained a ratio of 5 AE 1 lipid molecules per saposin A chain. Given the narrow and unimodal distribution of particle sizes, we propose that the 3.2-nm PC complexes contain two copies of saposin A and 8 to 12 lipids.
Crystal Structure of a Saposin A/Detergent Disc. We attempted to crystallize saposin A with a variety of lipids, including glycosphingolipids, phospholipids, and detergents, and obtained X-ray diffraction quality crystals with the detergent LDAO. We were able to solve the structure by sulfur single-wavelength anomalous diffraction (SAD) phasing, because the high sulfur content in saposin A (nine sulfur atoms per chain) gave a robust anomalous signal for high redundancy datasets collected with Cr Kα radiation. The model was refined against a 1.9-Å resolution dataset collected with higher energy X-rays. Data collection and refinement statistics are given in Table S2 .
The crystal structure revealed an open saposin fold in which the stem and hairpin segments of the protein are opened in a jackknife fashion relative to the closed form of the protein (Fig. 2) (18) and in association with SDS micelles by NMR (19) . In the latter study, no information about the structure of the bound detergent or the overall assembly of the saposin C/SDS complex could be determined.
The open state of the protein exposes a concave hydrophobic inner face, and this surface is covered by LDAO acyl chains in the crystal structure (Fig. 3) . Two V-shaped protein chains face each other and form a ring around a detergent minibilayer (Fig. 4) . Thus, the protein-detergent complex is comprised of an external protein belt that surrounds a cluster of 40 internalized and well-ordered detergent molecules (Fig. S2 ). This observation is in contrast to what is seen in protein-detergent complexes of integral membrane proteins, which have an inner protein core surrounded by externally bound and largely disordered detergent molecules. Notably, there are no saposin-saposin contacts in the assembly, and the particle is held together entirely by the deter- 3). In contrast, the amphiphile head groups make up approximately 35% of the surface area of the saposin A/LDAO assembly. The overall saposin A lipoprotein complex is reasonably described as an elliptic cylinder with a height of 33 Å and major and minor semiaxes of 56 and 41 Å.
As a result of the high surface area to volume ratio of the open state, 36 of the 81 saposin A side chains are involved in proteindetergent contacts. Of these, 18 are either leucine, isoleucine, or valine residues. The remaining amino acids are also nonpolar residues, with the exception of T23, T34, and E65. The latter amino acid is probably protonated, based on the geometrical arrangement of residues E65, R68, and E71 which form a hydrogenbonded network at the α3∕α4 loop. This segment may be important in determining the pH dependent properties of this saposin.
Aromatic residues Y30 and W37 face the detergent core and are nestled between LDAO molecules near the water-lipid interface ( Fig. 5) , consistent with the observed changes in the tryptophan emission spectrum induced by either detergent or lipid (Fig. 1A) . Aromatic residues are often found in the bilayer interface region of integral membrane proteins (22) and this effect may also be present in saposin A lipid complexes.
Disc Asymmetry. The complex has a twofold symmetry axis normal to the plane of the disc, but there are no twofold rotational symmetries in the plane of the membrane. As a result, the upper surface of the lipoprotein disc is not equivalent to the lower surface. The top surface of the saposin A disc is framed by helix α2 and is open and wide, whereas the bottom α4 face is smaller and has a less regular arrangement of LDAO ( Fig. 4 B and C). There are 24 detergent molecules in the upper leaflet and 16 LDAO molecules in the lower leaflet. The asymmetry in the saposin A lipoprotein discs might have direct functional consequences in the galactosylceramide hydrolysis activation reaction if we assume that the productive presentation of the target lipid to the enzyme in a saposin A lipoprotein complex occurs exclusively on either the upper or lower face of the disc.
Structure of the Acyl Core. The complex is held together by the detergent core and there are no direct protein-protein contacts in the dimer. Approximately 80% of the 360 detergent acyl chain dihedral angles in the saposin A complex are in the trans conformation. A slab in the plane of the disc near the C8 atoms in the upper LDAO leaflet reveals the densest and most regular part of the acyl chain packing. In this region, the chains pack into a pseu- (Fig. 4E, Fig. S4 ), similar to the expected value for crystalline hexagonal saturated hydrocarbon chain packing (23) . The average length between the pseudoatomic positions in the lattice (Fig. 4E ) is 4.9 AE 0.4 Å, in close agreement with the ideal value of 4.85 Å (23) . There are no waters in the interior of the complex, and the semicrystalline packing of the acyl chains is the result of filling a defined volume with a near-maximal amount of lipid. This volume is dictated by the shape of the protein shell, which is constrained to defined geometries as it adapts to the internalized lipids.
Coarse-Grained Molecular Dynamics Simulations. We next asked whether the saposin A/LDAO structure comprised of single chain amphiphiles with C12 tails is a suitable model for the 3.2-nm lipoprotein particles containing, for example, diacyl tails with 16 to 20 carbons. Notably, 40 LDAO molecules have approximately the same mass as 8-12 PC lipids that we expect in a dimeric saposin A/lipid complex. Thus, both a 40∶2 LDAO∶saposin A complex and a 10∶2 phospholipid∶saposin A complex have masses of approximately 27 kDa.
We used molecular dynamics to study the simplest saposin A/lipid system, which is saposin A with PC. We performed an unconstrained modeling study of saposin A/1-palmitoyl-2-oleoyl-snglycero-3-phosphocholine (POPC) lipid complexes with 250 parallel coarse-grained simulations. A range of configurations were generated and we selected the simulations with the closest configurations to that of the crystal structure for further analysis (SI Text, Figs. S5-S7, Table S3 ).
The protomers in these simulations are arranged in a similar configuration as the crystal structure (Fig. 6A) . As with the LDAO structure, the methylene groups of the lipid tails are held within the central cavity of the complex, where they interact with the hydrophobic faces of the saposin A protomers (Fig. 6 B and C) . Outside of this region, the POPC head groups form a corona that completes the polar surface of the assembly. A representative snapshot of the lipids reveals that the lipids are arranged in two leaflets as a minibilayer (Fig. 6C) , similar to what is seen in the LDAO structure. Consistent with the LDAO crystal structure, we observed an asymmetric distribution of POPC molecules, with more lipid molecules favored in the upper versus lower leaflets (Fig. 6D) .
Overall, these simulations are consistent with our experimental results but do not prove that the 3.2-nm lipidic particles that we observe experimentally correspond to the saposin A/LDAO crystal structure. Because the crystal structure is one static view of the complex, additional configurations for the assemblies may occur with LDAO or with lipids.
Similarities to High Density Lipoproprotein (HDL) Particles. The hinge opening mechanism in the saposin proteins has similarities with the conformational changes seen in the apolipoproteins in discoidal HDLs, but the commonly accepted double belt model for discoidal HDLs proposes two stacked antiparallel ring-shaped protein monomers (24) (25) (26) . In the case of the saposin A complexes, a head-to-tail arrangement of two subunits is observed, with the two disulfide-linked helices of the stem and hairpin regions forming the width of the belt. Superficially, this saposin A arrangement resembles a hairpin model proposed for apolipoprotein A-I HDLs (27) . In the case of both saposin A and HDL particles, the number of protein subunits, their relative orientation, and the helix-helix hinge opening angles determine the size and shape of the discs. Given the relatively narrow size distributions that we have observed with the 3.2-nm particles (Fig. 1) , the saposin A lipoprotein particles appear to be limited to two protein subunits. Overall, relative to the HDL apolipoproteins, saposin A is a more rigid molecule and forms much smaller lipid complexes.
Conclusions
The saposin A/lipid disc is most likely the effective substratepresenting particle in galactosylceramide hydrolysis. We propose that saposin A activates the galactosylceramide hydrolysis reaction by solubilizing the target lipid in 3.2-nm particles, thus increasing the accessibility of the lipid head group to the enzyme active site. In addition to providing insight into the mechanism of the glycosphingolipid activation reaction, saposin A lipoproteins may have practical applications in other areas. For example, by analogy with engineered apolipoprotein complexes (25), small, stable saposin A lipoprotein complexes may find unique technological applications.
Materials and Methods
Crystallization and Structure Determination. Saposin A was expressed and purified as previously reported (15) diffraction data were collected at 100 K at beamline 19-ID at the Advanced Photon Source at the Argonne National Laboratory and reduced with the HKL package (28) . The same crystal was subsequently used to collect a 2.5 Å anomalous dataset on a Rigaku FR-E+ Superbright X-ray generator with a Cr anode, VariMax Cr optics and a Raxis IV++ detector at the Structural Genomics Consortium. The structure was solved by S-SAD phasing with the Cr data using the SHELXC/D/E suite of programs (29) . The positions of eight of the nine sulfur atoms in saposin A were located in the initial substructure by SHELXD using the DSUL disulfide resolution option, and 79 of the 80 protein residues were automatically traced as a polyalanine model by SHELXE. Final model building and refinement were carried out using the high-resolution synchrotron dataset with ARP/wARP (30), REFMAC5 (31), and Coot (32). Protein structure images were produced with PyMOL (33).
Coarse-Grained Molecular Dynamics Simulations. Simulations were performed with the GROMACS simulation package, version 4.0 (34) with the MARTINI CG force field, version 2.0 (35, 36) (SI Text). A coarse-grained representation of the saposin A protomers was created and two monomers were randomly oriented and positioned in the simulation box. Separately, an aggregate of 10 POPC lipids was randomly positioned in the box. The system was then solvated by replication of an equilibrated coarse-grained water box containing 10,800 water interaction centers, followed by the addition of 150 mM sodium chloride. The final system contained approximately 14,500 pseudoatoms. Unfavorable contacts created in the set up procedure were removed by energy minimization using the steepest descent algorithm. Simulations were performed for a nominal time of 1 μs, with a time step of 20 fs. A total of 250 independent simulations were performed using different random seeds to generate the initial configurations and in the velocity assignments. Similar results were obtained at POPC∶saposin ratios of 8∶2 and 12∶2. .0) and lysed by sonication. The lysates were subjected to centrifugation at 26,000 × g for 30 min and the supernatants were heated at 85°C for 10 min followed by another round of centrifugation. The resulting supernatant was applied directly to a Q-Sepharose column (BioRad) and bound protein was eluted with a linear gradient of elution buffer (1 M NaCl, 25 mM Tris·HCl, pH 7.0). The peak fractions containing saposin A were pooled, concentrated, and applied to a Superdex-75 size-exclusion column in 50 mM Tris·HCl buffer, pH 7.0. Pooled saposin A fractions were concentrated to 1.0 mg∕mL and stored at 4°C. Size-Exclusion Chromatography (SEC). Saposin A and liposomes of varying composition in acidic buffer (50 mM sodium acetate pH 4.8, 150 mM NaCl), were incubated for 30 min at 37°C and then applied to an analytical Superdex 200 column (10∕300 GL, GE Healthcare) equilibrated with the same buffer and eluted at room temperature at a flow rate of 0.5 mL∕ min.
Dynamic Light Scattering. Measurements were made using a DynaPro 801 light scattering instrument (Protein Solutions, Inc.) at 25°C. Samples from gel filtration fractions were concentrated using 3 kDa Amicon filters to approximately 1 mg∕mL protein and centrifuged for 30 min at room temperature prior to measurement. Samples were stable for over 20 min of data collection.
Composition of the Saposin A Lipoprotein Particles. Egg phosphatidylcholine (PC) liposomes were incubated with saposin A and fractions corresponding to the 3.2-nm particles were purified by SEC as described above. The phospholipid content of the pooled fractions was determined by measuring the phosphate content (3). Briefly, the samples dried under N 2 ðgÞ and 650 μL of 70% perchloric acid were added to each experimental sample, PC, or phosphate standards. Samples were heated to 200°C until the solutions became colorless (∼30 min). The samples were cooled, 3.3 mL of water and 500 μL of a 25 mg∕mL ammonium molybdate solution were added, followed by 500 μL of 100 mg∕mL ascorbic acid. The samples were heated to 100°C for 5 min, cooled to room temperature and absorbance was measured at 797 nm. Protein concentrations from the same gel filtration samples were determined by amino acid analysis (Advanced Protein Technology Center, Hospital for Sick Children) and by A 280 using an extinction coefficient of 8,855 M −1 cm −1 . The experiment was repeated a total of six times, and the mean and standard deviation are reported.
Crystal Packing in the Saposin A/Lauryldimethylamine-N-oxide (LDAO)
Complex. The Matthews number for the saposin A/LDAO crystal is 2.1 Å 3 ∕Da, corresponding to a solvent content of 41%. The dimeric complex (two saposin A chains and 40 LDAO molecules) has a surface area of 11;230 Å 2 , of which 2;546 Å 2 are involved in crystal contacts. The surfaces buried in the lattice interactions are mostly due to protein-protein contacts (1;517 Å 2 ) with smaller contributions from protein-detergent (672 Å 2 ) and detergentdetergent (357 Å 2 ) contacts. The lattice contacts involving detergent molecules are mainly between the edges of the discs where the two protein chains meet (but do not touch) as part of the belt. Most of the LDAO acyl tails are shielded from lattice interactions by the protein belt and most of the LDAO head groups are exposed to solvent. With only one crystal form of the complex, however, we cannot directly assess the influence of lattice contacts on the structure.
Coarse-Grained Molecular Dynamics Simulations. All simulations were performed with the MARTINI CG force field, version 2.0. In this coarse-grained model, an interaction center is used to represent, on average, four heavy atoms. Tuned Lennard-Jones potentials are used to determine the forces between pairs of interaction centers, and coulombic interactions between charged interaction centers are also included. Interaction centers are assigned preparameterized types (4, 5) according to the atoms mapped to that center.
Simulations were performed with the GROMACS simulation package, version 4.0 (6). Simulations were performed for a nominal time of 1 μs, with a time step of 20 fs. The temperature in the simulation was controlled by coupling the molecules in the simulation to two separate Berendsen thermostats. The saposin A protomers and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) lipids were together coupled to one thermostat, whereas water and ions were coupled to the second Berendsen thermostat. For both thermostats a relaxation time of τ T ¼ 1 ps was used and the thermostat temperature was set to 310 K. Pressure was controlled using the Berendsen barostat (p ¼ 1 bar, τ P ¼ 0.2 ps, compressibility 5 × 10 −4 bar −1 ) and the isotropic pressure coupling scheme.
Lennard-Jones interactions were calculated using the shift algorithm, with forces decaying to 0 from 0.9 nm to the cutoff at 1.2 nm. Neighbor lists were calculated every 10 time steps using a cutoff distance of 1.4 nm. Electrostatics were calculated using the shift algorithm, with a cutoff of 1.2 nm.
A coarse-grained representation of the saposin A protomers was created, with the overall charge of the monomers being set to −3, consistently with the expected ionization state from Ahn et al. (2) for saposin A in the lysosomal pH. As is common practice with coarse-grained simulations of proteins, an elastic network was used to maintain the tertiary structure. Accordingly, backbone interaction centers separated by 5 to 9 Å were connected by harmonic bonds with a force constant of 700 kJ mol −1 nm −2 .
The spatial distributions shown in Fig. 6 were generated by combining the last 200 ns for the 33 representative simulations with an average Cα rmsd to the X-ray structure of less than 5 Å. The protein (blue), lipid (gray), and lipid tails (green) surfaces are contoured at 10% occupancy.
Analysis of the Simulations. In addition to calculating the rmsd to the LDAO X-ray structure for each replica simulation (Fig. S6) , we chose to describe the configurational space of the saposin A/ POPC complexes using two angles, ρ and θ (Fig. S5) . Calculation of these angles required assigning three reference positions within the saposin A structure, which were used to calculate four reference vectors. The stem reference point was assigned as the midpoint between the Cα of Cys 4 and Cα of Cys 79. The hinge is the midpoint between the Cα of Asn 21 and the Cα of Asp 60, whereas the hairpin reference point was assigned as the midpoint between the Cα of Leu 38 and Met 43. From these three points, four vectors can be described: a vector from the stem to hairpin reference points (r); a vector from the hinge to stem (s); a vector from the hinge to turn (t); and the lipid binding-face vector (f), defined as the vector sum of s and t.
The protomer-protomer rotation angle (ρ) is defined as the angle between the stem to hairpin vectors (r), with the convention that clockwise rotations have positive sign. The protomer-protomer face angle (θ) is defined as the angle between the lipid binding-face vectors (f) of the two protomers ( Fig. S5 A and B) .
A broad range of configurations of the ternary saposin A/ POPC complexes was produced by the 250 simulations. In all cases, complexes formed within the first 500 ns in which the concave lipid binding faces of the two saposin A protomers covered the acyl chain region of the POPC aggregate. However, the configurations varied in the arrangement of the protomers relative to each other, demonstrated by the wide sampling of the protomerprotomer rotation angle (ρ) and the protomer-protomer faceto-face angle (θ) space in the 250 simulations during the final 200 ns (Fig. S5D) . Because of the gross properties of the protomers and the POPC aggregate, the range of configurations approximates the possible arrangement of the protomers on the surface of a sphere (i.e., the POPC aggregate). The unsampled regions of (ρ, θ) space arise because of exclusion based on protein-protein clashes. The saposin A/LDAO crystal structure falls within a populated region of the (ρ, θ) space and further analysis was carried out on the properties of the 33 simulations with an average rmsd of less than 5 Å to the X-ray structure over the last 200 ns (Fig. S7 , Table S3 ). A cutoff of 5 Å was selected from the histogram of the average rmsd, in which a relatively well-populated low rmsd peak is visible (Fig. S6) . Visual inspection and the positions in ρ and θ space confirmed that these simulations were similar in configuration to the saposin A/LDAO crystal structure.
If the saposin A/LDAO complex observed in the crystals is a close approximation of the lipid-bound state, why is it only represented in a relatively small population of the simulations? Several factors are likely to be responsible. First, the simulations require a nonphysical assembly mechanism in which the protomers are both separated from each other and from an isolated aggregate of POPC molecules. In these simulations, the configuration of the complexes is highly dependent on the relative orientation of the protomers during the initial contact event and although the simulations are relatively long, they are still too short to permit frequent large-scale configuration changes and hence escape the initial assembled state. Thus, the sampling of the (ρ, θ) space does not represent an equilibrated population. Second, the coarse-grained simulation model is an approximation of the physics driving molecular interactions. Nevertheless, the fact that the MARTINI force field is able to capture configurations that are highly similar to the experimentally determined structure is strong support for the validity of this approach. In summary, we used this method to generate a variety of configurations and selected models that resembled the crystal structure for further analysis. Elements from the second protomer are indicated with primes. The detergent head group region of the top leaflet of the bilayer is framed by helices α2∕α2 0 (B), and is much larger and regular than the bottom leaflet, which is framed by helices α4∕α4 0 (E). Values in parentheses are for the highest resolution shell. *Data for the resolution shell from 1.95 to 1.90 Å.
